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Introduction
Mid-infrared (MIR) spectral region (2-20 µm) supercontinuum (SC) generation has recently become the focus of considerable interest owing to its diverse applications in optical coherence tomography, biomedical imaging, high precision frequency metrology and molecular finger print spectroscopy [1, 2] . Almost all molecules in this region undergo strong vibrational absorption, providing significant pathways for MIR spectroscopy to trace and quantify the molecular species in a certain atmospheric condition [3] . Two vital spectral windows, at 3-5 µm and 8-13 µm are located in this region in which the atmosphere is relatively transparent and can thus be used to detect the scent of exotic/toxic gases that are detrimental for a multitude of industrial and atmospheric applications [4] .
In order to produce ultrabroadband SC sources with high brightness that can cover the spectral evolution up to the molecular fingerprint region, researchers have proposed the use of optical waveguides made with different host materials such as fluoride, tellurite and chalcogenide glasses [5, 6, 7, 8, 9, 10, 11, 12, 13] . The MIR transparencies of fluoride and tellurite glasses are not more than 5 µm [14] and until to date the highest SC extension in the long wavelength edge by these two materials are 6.28 µm [15] and 4.87 µm [16] , respectively. At the same time, chalcogenide (ChG) glasses have shown wider MIR transparency exceeding 20 µm, depending on the compositions of glass components. These glasses possess high third-order Kerr nonlinearity which is hundreds of times larger than that of fluoride and tellurite glass, making more suitable as host materials for waveguide fabrication than most other materials with significant promise for MIR region applications [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] .
A number of numerical and experimental ultrabroadband SC spectra in the MIR region using ChG waveguides and fibers have been demonstrated quite recently [4, 10, 11, 12, 13, 14, 31, 32, 33] . Yu et al. [12] demonstrated a SC spectrum covering a wavelength range from 1.8 to 10 µm with a pulse duration of 330-fs pumped at 4 µm in a 11-cm long ChG step-index fiber using Ge 12 As 24 Se 64 as a core and Ge 12 As 24 S 64 for its outer cladding with an input peak power of 3 kW. The same research group also experimentally demonstrated in the following year SC generation covering a spectral range of 2-10 µm by an all-ChG rib waveguide made using GeAsSe glass as the core and Ge-AsS glass as both the upper and lower claddings with 330fs pulses pumped at 4.184 µm with an input peak power of 4.5 kW [10] . Petersen et al. [11] reported a MIR SC spectra spanning from 1.4 µm to 13.3 µm with a 85-mm-long ChG step-index fiber made using As 40 Se 60 as the core and Ge 10 As 23.5 Se 66.6 glass for its outer cladding, pumped at 6.3 µm with pulses of 100-fs duartion and an input peak power of 2.29 MW. Ou et al. [14] reported a MIR SC spec-tral evolution up to 14 µm with a 20-cm-long ChG stepindex fiber made using Ge 15 Sb 25 Se 60 glass as the core and Ge 12 Sb 20 Se 65 glass for its cladding, pumped with a 150fs pulse duration at 6 µm and a peak power of 750 kW. Similarly, Cheng et al. [13] reported a MIR SC spectrum spanning the wavelength range 2-15.1 µm in a 3-cm-long ChG step-index fiber using As 2 Se 3 as the core and AsSe 2 as outer cladding when pumped with a 170-fs pulses in 9.8 µm with a peak power of 2.89 MW, while Zhao et al. [4] demonstrated a MIR SC spectra extending up to 16 µm using a 14-cm-long step-index fiber made from Ge-Te-AgI glass when pumped at 7 µm with 150-fs duration pulses and a pulse repetition rate of 1 kHz with a peak power of 77 MW. Petersen et al. [31] experimentally demonstrates a broadband MIR SC generation spectra covering the wavelength from 1 to 11.5 µm with a high average output power above 4.5 µm in tapered large-mode-area ChG Ge 11 As 22 Se 68 photonic crystal fiber (PCF). Hudson et al. [32] reported a broadband MIR SC spectrum spanning from 1.8 to 9.5 µm using a As 2 Se 3 /As 2 S 3 tapered fiber by launching 230-fs pulses with a pulse peak power of 4.2 kW, and Saini et al. [33] numerically demonstrated MIR SC generation covering a wavelength range 2-15 µm in a 5-mm long triangular core graded index As 2 Se 3 PCF when pumped at 4.1 µm with a largest peak power of 3.5 kW. Wang et al. [34] recently reported MIR region SC generation covering a wavelength from 2 to 12.7 µm using a 12-cm long step-index fiber using As 2 Se 3 as the core and As 2 Se 2 S as the outer cladding using a pump at 6.5 µm with a pulse of 150-fs duration and a peak power of 93 MW. As alternative to index guiding microstructured fibers, recently developed hybrid/hollow-core bandgap guiding PCFs have also attracted considerable attention among the researchers owing to their inherent ability to integrate with different fluids, solids, and gases. This can significantly extend the functionality of these fibers and a broadband SC can be produced between the ultraviolet and the MIR region by optimizing dispersion and nonlinearity of the PCFs [35] . Habib et al. [36] numerically reported soliton-plasma interaction in a noble-gasfilled silica hollow-core anti-resonant hybrid PCF that was capable of producing a SC spectra in the range 1-4 µm when pumped at 3 µm.
Based on the afore-mentioned research works, it is apparent that researchers have been striving since the last decade to exploit ChG materials for generating long wavelength SC spectral evolutions in the MIR region applications. To generate long wavelength edge SC spectra spanning up to the MIR region, fiber based geometries are still preferred over other structures owing to their design flexibilities that to be achieved while at the same time allowing for better management of dispersion. Among the fiber based structures, the PCF is the most prominent design as this structure can be tuned by simply changing the composition of the core/cladding glasses [38, 39, 40, 41, 42] . Furhtermore, ChG based PCFs with a periodic air-hole arrangements can be easily fabricated using the Stack-and-Draw method, which is particularly suitable for PCFs with a regular pitch. Alternatively, the extrusion principle can also be considered, which is suitable for PCFs made from soft glass material. This is because soft glasses, those based on ChGs can accept high dopant concentrations and also their optical and mechanical characteristics can modify more widely than silica glass. This also assists in fabrication of PCFs with a more intricate microstructure incorporating a high refractive index contrast and high nonlinear coeffcient. [43] .
Since As 2 Se 3 glass is among several ChG glass compositions that have shown excellent optical transparency in the range 0.85-17.5 µm with an attenuation coefficient of less than 1 cm −1 [44] , a conventional 20-mm-long hexagonal PCF is numerically proposed using As 2 Se 3 glass for an ultrabroadband SC generation spanning far into the MIR region. Four PCF geometries are proposed by varying their structural parameters including the pitch (Λ) and relative hole size (d/Λ) for pumping at different wavelengths. The proposed designs are investigated for MIR region SC spectral evolution through the successive addition of higher-order dispersion (HOD) terms up to sixteenthorder. Among the four geometries optimized for pumping at different wavelengths, pumping between 3.1 µm and 4 µm would allow MIR SC spectral expansion spanning from 2 µm to beyond 15 µm to be observed by the proposed PCF designs. In previous planar waveguide designs, eighth-order HOD terms (β 8 ) are required to obtain stable and spurious free SC evolution at the waveguide output [45] . In the case of the proposed PCF designs of this work, the total number of HOD terms are observed to vary depending on the PCF structure to obtain a stable and steady SC spectral evolutions at the waveguide output, in this case up to 16 th order HOD term (β 16 ) included for all numerical SC simulations.
Theoretical Model
A traditional hexagonal PCF made with an As 2 Se 3 glass core and cladding comprising of hexagonal lattice of air-holes running along the length of the fiber is proposed for this work. In order to calculate the wavelength dependent linear refractive index of the As 2 Se 3 glass over a wide frequency range, the following Sellmeier equation is used for numerical simulations [46] 
where λ is calculated in micrometers. The As 2 Se 3 PCF is designed and optimized by varying its parameters through in-house computer code developed using a finite-element method (FEM) mode-solver [47, 49] .
To obtain high accuracy modal solutions from the FEM solver, the PCF structure is represented by 720,000 firstorder non-overlapping triangular elements in transverse directions. Perfectly matched layer (PML) conditions is assumed at the boundary surrounding the PCF structure to calculate confinement losses. For certain Λ and d/Λ values, the FEM mode-solver provides the mode propagation constant, β(ω) of the fundamental mode, H 11
x for the proposed design as a function of the optical angular frequency, which is subsequently used to evaluate the group-velocity dispersion (GVD) as a function of wavelength.
To study the generation of a SC evolution from short optical pulses launched into the optimized As 2 Se 3 PCF, the generalized nonlinear Schrödinger equation (GNLSE) for single polarization is solved. This is a widely employed method for obtaining a pulse evolution inside the optical waveguide [1, 48] :
The left hand and right hand sides of Eq. (2) respectively express the linear and nonlinear effects acting inside the PCF structure during the propagation of pulses. The electric field envelop, A(z, T ) moves at the group velocity 1/β 1 (T = t − β 1 z) where β k (k ≥ 2) expresses the kth-order HOD parameter and ω 0 is the center angular frequency of pump source. The nonlinear coefficient is defined as γ = n 2 ω 0 /(cA eff ) where c, A eff and n 2 represent the speed of light in vacuum, mode-effective area and nonlinear refractive index, respectively. The parameter α represents the linear material absorption losses when light travels through it.
During the SC evolution inside the optical waveguide, intrapulse Raman scattering plays a vital role which includes both the delayed Raman contribution (h R ) and instantaneous electronic contribution (f R ) through the response function [48] 
with the Raman contribution having the form
In this case, the f R value for As 2 Se 3 glass is taken to be 0.148 and τ 1 and τ 2 considered to be 23-fs and 164.5-fs, respectively [50] .
Results and Discussion
The proposed hexagonal PCF with an As 2 Se 3 core surrounded by air-hole rings as an outer cladding along the length of a 20-mm-long fiber is optimozed by varying its d and Λ. As a result of higher leakage losses in the PCF with a fewer number of air-hole rings, five air-hole rings are incorporated for PCF modeling [51] . It should be noted that the additional air-hole rings do not significantly change the dispersion properties of the PCF, but only affects the leakage and bending losses. The PCF can be designed with strong confinement which results in high nonlinear interaction inside the core due to the high index contrast between the core and air-holes. A ChG based PCF with a high refractive index shows higher mode confinement which eventually induces a strong nonlinear interaction inside the waveguide due to its high Kerr nonlinearity. Apart from the Kerr effect, the GVD parameter also plays a vital role in producing an SC spectra by interacting with a multitude of nonlinear effects such as self-phase modulation (SPM), cross-phase modulation (XPM), Soliton, Raman effect and dispersive wave (DW) generation during ultra-short pulse propagation inside the waveguide structure. To obtain the SC spectral evolution extending up to the MIR, the GVD of the proposed design is tailored over a wide wavelength range so that a large frequency shift can be induced by forming Raman solitons inside the PCF structure. Figure 1 (a) shows a GVD curve tailored for a PCF geometry which is designed for pumping at 2.05 µm by setting its structural parameters so that Λ = 1 µm and d/Λ = 0.8 from which the core diameter, 2Λ − d of the PCF can be calculated as 1.2 µm. Figure 1(b) shows a set of GVD curves tailored to the wide anomalous dispersion regions by micro-structuring their Λ parameter to fall between 2.5 µm and 3.5 µm and d/Λ to fall between 0.5 and 0.6 for pumping at 3.1 µm, 3.5 µm and 4 µm, respectively. The core diameter of the last three designs are 3.5 µm, 4.5 µm and 5.25 µm, respectively. Four designs are optimized such that their 1st zero dispersion wavelengths (ZDWs) are located in the vicinity to the pump sources of each design. Among four PCF designs proposed, it would be challenging task to fabricate the 1st structure owing to its small core diameter as compared to the other three designs. To shift the ZDW of 1st PCF structure at 2 µm wavelength so as to overcome the large material dispersion of AsSe glass, which has a ZDW around at 7 µm, the ratio d/Λ needs to be increased at 0.8 which enhances the fabrication difficulty of that design. Xing et al. [52, 53] reported a small core PCF design made of GeAsSe ChG glass for parametric conversions by shifting the PCF dispersion near the 2 µm region through micro-structuring and tapering the fiber while maintaining d/Λ ratio at ∼ 0.7. It was possible to obtain the ZDW with a lower d/Λ ratio for GeAsSe material owing to its lower material dispersion as compared to AsSe glass. Furthermore, tapering in this work offers added advantage of shifting the ZDW in the short wavelength region. Toupin et al. [54] proposed another small core PCF structure which was made from AsSe/GeAsSe ChG glasses by employing two-step drawing operation with additional optical losses as compared to single-step drawing processes. However, in this case, glasses with high stability against crystallization are required. Therefore, our proposed small core PCF structure with a core diameter of 1.2 µm can be fabricated through tapering and using two step drawing process which eventually may lower the d/Λ ratio, which is an important factor for dispersion tailoring of a design in the short wavelength region. The proposed PCF also shows a slight birefringence and the GVD curves shown in Fig. 1 are calculated for the H 11
x mode. The GVD parameters for the H 11 y mode are also calculated and compared with that of the H 11
x mode. No significant differences are observed between the GVD parameters obtained for the two different polarizations. However, the presence of small birefringence may result in a slight broadening variation of the SC at the PCF's output.
In order to realize a MIR SC evolution in the proposed PCF design, numerical simulations are carried out by solv- Figure 3 : SC spectra at the output of As 2 Se 3 PCF for the geometry of Λ =1.0 µm and d/Λ = 0.8 pumped at 2.05 µm for the HOD parameters from β 3 to β 12 applying 100 W peak power at the PCF input.
ing the GNLSE Eq. (2) in a split-step Fourier method using the MATLAB software. Numerical simulations are carried out by taking 2 17 grid points with minimum temporal resolution of 3.42-fs at a pump wavelength of 2.05 µm and between 5.17 and 6.67-fs at a pump wavelength between 3.1 and 4 µm so that the time window can accommodate extreme spectral broadening by avoiding negative frequency generation. The number of steps are taken as 100,000 with a step size of 0.2 µm. A sech pulse with a 100-fs duration and peak pulse power between 100 W and 3 kW is launched into the proposed design at a wavelength between 2.05 µm and 4 µm. This is realized through the use of tunable Raman soliton fluoride fiber lasers with a range 2-4.3 µm Fig. 2 (a) and 2(b) for Λ between 2.5 and 3.5 µm and d/Λ between 0.5 and 0.6, respectively. Confinement losses of the above mentioned geometries are also shown in Fig. 2(c To observe SC spectral broadening and to gauge the impact of the HOD parameters on the SC bandwidth at the optimized design output, a sech pulse with a duration of 100-fs and a peak power of 100 W is initially launched into the first PCF design at a pump wavelength of 2.05 µm. Numerical simulations are carried out using the optimized design by including HOD terms up to β 3 , giving the SC spectrum shown in Fig. 3(a) . With the inclusion of the HOD terms up to β 3 , SC broadening up to 3100 nm is observed, spanning a range from 1400 to 3100 nm at -20 dB level from the peak. Further inclusion of HOD terms up to β 8 show a narrowband long wavelength DW is generated with a center peak at the 9 µm region as seen in Fig. 3(b) . Subsequent addition of HOD terms up to β 10 and β 12 , as shown in Fig. 3 (c) and 3(d) demonstrate that the DW induced into the SC spectra becomes steady and converges at 6.5 µm after the inclusion of HOD terms up to the β 10 . Adding more HOD terms of up to β 12 does not change the SC bandwidth further at the PCF output. Using a low peak power of 100 W, it is possible to obtain the SC expansion up to 6.5 µm as a result of PCF small core size, as this would help to induce large nonlinear coefficient inside the fiber. It must be observed also that during the coupling process, difficulties may arise due to a small mode effective area (A eff ) of the fiber. As the A eff of this design is smaller than the A eff of a typical single mode fiber, higher coupling losses may be encountered, though this can be controlled by using a tapered spot-size converter during coupling between the pump source and the fiber. To verify the convergence of SC results at the PCF output, a comparison between the actual GVD curve obtained by the FEM solver and data-fitted GVD curves obtained through the successive addition of HOD terms from β 3 to β 10 is given in Fig. 4 . It can be clearly seen from the figure that the data-fitted GVD curve more accurately represents the actual GVD curve after the inclusion of HOD terms up to β 10 , while further inclusion of HOD terms up to β 12 do not make any difference to the datafitted GVD curve. Thus, the SC output bandwidth for this design can be converged with the inclusion of HOD terms up to β 10 . Subsequently, a PCF geometry containing the dimensional parameters, Λ = 2.5 µm and d/Λ = 0.6 for pumping it at 3.1 µm with a pump peak power of 3 kW is optimized.
A MIR SC spectrum spanning from 2 µm to beyond 15 µm is generated with the addition of HOD terms up to β 14 by this design. The nonlinear coefficient for this geometry is calculated as 1.61 /W/m from the mode effective area of 6.59 µm 2 which is obtained at the pump wavelength. From the dispersion length, L D and nonlinear length, L NL , the soliton order, N can be calculated as ∼17 for the optimized design. After including HOD terms of up to β 10 in the simulation, the expansion of the SC evolution in the proposed PCF output can be observed from 2 µm to 25 µm at -20 dB from the peak, given in Fig. 5(d) . In order to validate this result, a number of numerical simulations are carried out by the successive inclusion of HOD terms starting from β 3 as shown in Fig. 5 . It is apparent from the top row of the figure that the output bandwidth of the SC spectrum changes up to the inclusion of β 10 and their corresponding spectral and temporal evolutions along the length of the optimized 20-mm fiber structure can be observed in the middle and bottom rows, respectively. From the spectral and temporal density evolutions, it can be observed that soliton fission occurs at a distance of 2 mm along the length of the fiber. Before soliton fission, the SC is broadened symmetrically around the pump source by SPM. Through subsequent addition of HOD terms from β 3 to β 8 , it can be observed from spectral densities of Figs. 5(e-g) and temporal densities of 5(i-k) that 17 fundamental solitons are produced by soliton fission process which induced multiple spectral peaks on the spectra. One strong red shifted soliton along with other low energy solitons is observed to have moved towards the Stokes side or long wavelength region owing to Raman induced frequency shifts which produced a large spectral peak in the long wavelength side of the spectra. In the anti-Stokes side or short wavelength region at around 2 µm, a phase-matched narrow-band resonant DW is observed in the normal GVD regime, which is induced by energy shedding from solitons owing to the presence of HOD terms. After the inclusion of HOD up to β 10 , significant changes are observed in the SC spectral evolution in the long wavelength side. In this case, a large red shifted DW is induced owing to the inclusion of more HOD terms, which was expanded up to 25 µm as can be seen in Fig. 5(d) . The corresponding spectral and temporal density evolutions that support this result can also be observed from Figs. 5(h) and 5(l), respectively. In order to yield a steady SC output from our proposed design, the HOD terms up to β 16 from the GVD curves are evaluated and given in Fig. 1(b) . Figure 6 illustrates the SC spectra obtained by the inclusion of HOD terms β 12 to β 16 . It is observed that a significant variation in the SC output spectrum shape between β 10 and β 12 can be seen in Figs. 5 (extreme right column) and 6 (left column). A spectrum spanning up to 25 µm observed after the addition of β 12 can be seen in Fig. 6(a) . Including the HOD terms of up to β 14 and β 16 , two separate simulations are performed and their results are shown by middle and right columns in Fig. 6 . It can be noticed from the middle column of Fig. 6 that the SC spectrum gets narrower than earlier inclusion (up to β 12 as shown in left column of Fig. 6 ) after the addition of the β 14 term and the output spectrum yielded up to 17 µm. However, the output (f) Figure 10 : SC spectra at the output of As 2 Se 3 PCF for the geometry of Λ =3.0 µm and d/Λ = 0.5 pumped at 3.5 µm for the HOD parameters from β 3 to β 16 applying 3 kW peak power at the PCF input.
bandwidth does not change at the PCF output if more HOD terms (up to β 16 ) are included which is reflected in the right column of Fig. 6 . The main reason behind the large SC spectra expansion at the long wavelength regime would be the nonsolitonic DW radiation which takes place as the solitons are restricted their expansion beyond the 2nd ZDW as a result of the spectral recoil effect [56] . Due to this effect, a large amount of energy transfer occurs from the soliton to the DW which eventually extends the SC spectrum beyond the 15 µm. The resonant DW radiation in the anti-Stokes side remains unaltered with the further addition of more HOD terms in simulations seen in Fig. 6 . The corresponding spectral and temporal evolutions exhibit qualitatively identical features except for the narrowing of the spectrum after the inclusion of certain HOD terms. Roy et al. [57] showed by numerical analysis the effects of including of HOD terms in the SC spectral evolution model with a phase matching condition in a PCF design. This allows for the emission of two resonant DWs separately or simultaneously by Raman solitons, depending on the sign (+ve/-ve) of the different HOD terms included. The design in this work matches that of Roy et al. as two DWs are emitted with the addition of cer- (f) Figure 11 : SC spectra at the output of As 2 Se 3 PCF for the geometry of Λ =3.5 µm and d/Λ = 0.5 pumped at 4 µm for the HOD parameters from β 3 to β 16 applying 3 kW peak power at the PCF input.
tain number of HOD terms. Moreover, the combination of all odd and even number HOD terms generates more than two DW peaks which can clearly be observed from the proposed design seen in Fig. 6 . This is another reason behind the large SC spectral expansion towards the long wavelength side of the spectra. However, as observed earlier, an insufficient number of HOD terms during the SC simulations leads to spurious results at the PCF output. As such, efforts were made to ensure an adequate number of HOD terms were included into the developed simulations until spectral convergence is obtained at the PCF output. This phenomena will be explained in the next section through the Taylor-series data fitting method. As such, the proposed PCF design that contains the structural parameters, Λ = 2.5 µm and d/Λ = 0.6 is the optimum design, as the SC output bandwidth does not change in this design after the inclusion of HOD terms up to β 16 . The proposed configuration is able to produce steady SC output spanning from 2 to beyond 15 µm with the inclusion of HOD terms up to β 14 .
The vital question is how many HOD terms that need to be calculated to yield a SC convergence at the PCF output without the successive inclusion of HOD terms during numerical simulations. To answer this question, data fitted GVD curves are obtained through Taylor series expansion as illustrated in Fig. 7 by the successive addition of HOD terms from β 3 to β 16 for the proposed PCF design. It is prudent to observe that in the data fitted GVD curves of Figs. 7(a)-(c) , no second ZDWs on the GVD curves up to the addition of β 8 can be observed for the design. The location of 2nd ZDW can only be observed after the inclusion of β 10 and onwards as shown in Figs. 7(d)-7(g) . The 2nd ZDW of Fig. 7(d) up to the addition of β 10 can be observed around at 10 µm wavelength. After the inclusion of more HOD terms such as β 12 and β 14 , the 2nd ZDW is observed to shift to the left, resulting in the anomalous dispersion region becoming narrower than earlier simulations. The addition of the term β 16 does not change the data fitted GVD curve, as observed in Fig. 7(h) . In earlier SC simulations, it was observed in Fig. 6 that the long wavelength DW moves to the left, becoming narrower as the anomalous GVD region of the data fitted GVD curve also becomes narrower up to the addition of the HOD term β 14 . However, no spectral narrowing is observed in Fig.  6 , while the 2nd ZDW of data fitted GVD curve in Fig. 7 shifts with the addition of HOD terms up to β 16 . Thus, SC convergence can be obtained for the case with the inclusion of HOD terms up to β 14 . In order to facilitate this discussion, a comparison between data fitted GVD curves and the GVD curve obtained by the FEM mode-solver is shown in Fig. 8 as well. It can be seen that a good agreement between the GVD curves is obtained by both methods up to the inclusion of β 14 in data fitted curve for the proposed design. Therefore, analyzing the data fitted method shows that after evaluating the HOD parameters from the GVD curve obtained for a specific design, the data fitted method through Taylor-series expansion provides the number of HOD terms that will be required to include during SC simulations.
In order to further verify the convergence of the SC output in the proposed design, two more PCF structures are optimized for pumping at 3.5 µm and 4 µm respectively. HOD terms up to β 16 are evaluated for both designs as well. Mode effective areas are evaluated for both geometries by the FEM mode-solver at pump wavelengths of 11.27 µm 2 and 15.32 µm 2 respectively resulting in corresponding nonlinear coefficients of 0.88 /W/m and 0.56 /W/m. The number of solitons, N ≈ 16 or 6 can be calculated from L D and L NL for both designs separately. By maintaining all other parameters as before, the SC simulations are carried out for the two designs after the successive inclusion of the HOD terms up to β 16 with the output SC results shown in Figs. 10 and 11 , respectively. The same phenomena occurs for a SC evolution spanning between 2 µm and 18 µm after the inclusion of the HOD terms in the case of the PCF structure containing the dimensional parameters, Λ = 3 µm and d/Λ = 0.5 which can be seen in Fig. 10 . The SC bandwidth becomes stable after the addition of the β 14 terms as shown in Fig. 10 (e) and no further changes are seen to occur at the output spectrum Figure 12 : SC evolution at the output of 5-mm-long PCF for the geometry of Λ =2.5 µm, d/Λ = 0.6 pumped at 3.1 µm with the inclusion of HOD parameters up to β 16 applying 3 kW peak power at the PCF input.
after the inclusion of more HOD terms up to β 16 as can be seen in Fig. 10(f) . On the other hand, for the PCF geometry containing structural parameters, Λ = 3.5 µm and d/Λ = 0.5, the SC spectrum extends by more than 20 µm when pumped at 4 µm, inducing a small dip in the middle of the spectrum. This however may not occur in real-world applications due to long wavelength material absorption, but it can be an encouraging prediction for the proposed design. In this case, a small variation in the output bandwidth is observed between β 14 and β 16 as seen in Figs. 11(e) and 11(f). As the 2nd ZDW of this PCF structure is located at around 10 µm, which is shifted to the right resulting in wider anomalous dispersion region than that observed for the case of the 2nd ZDWs of earlier two designs, thus, a wider SC bandwidth/extension is realized in this case as compared to earlier designs. This is also verified with data fitted GVD curve shown in Fig. 9 after the inclusion of β 16 and a small difference is observed between the data fitted GVD curve and the GVD curve obtained by the FEM mode-solver. Thus, in order to achieve a stable and steady SC output in the case of PCF geometry containing the dimensional parameters, Λ = 3.5 µm and d/Λ = 0.5, the HOD parameters up to β 16 must be included during numerical simulations.
Since the propagation loss increases with the waveguide length and to keep the loss reasonably low, a 20-mm-long PCF is considered during entire SC simulations in this work. Numerical analyses show that almost an identical SC bandwidth, illustrated in Fig. 12 , can be achieved for a 20-mm-long PCF if the PCF length is reduced to 5-mm or even less. For such a short waveguide design, the loss will be reduced significantly than earlier designs and may be even become negligible resulting in an unaltered SC spectral evolutions at the waveguide output. However, the SC bandwidth would eventually decreases somewhat owing to long wavelength material absorption from the simulated values at the PCF output as wavelength independent propagation loss is considered during all numerical simulations. Moreover, the impact of a high linear absorption edge after 17 µm of As 2 Se 3 material may also clamp further SC spectral broadening at the PCF output. Wang et al. [34] recently reported MIR region SC generation using a 12-cm-long As 2 Se 3 step-index fiber with a measured average transmission loss of 4 dB/m between 2.5 µm and 12 µm with three strong absorption peaks of O-H, As-O and Se-O located around at 2.7 µm, 8.2 µm and 10.5 µm, respectively. To see the impact of long wavelength absorption loss on SC bandwidth at the PCF output, numerical simulations are performed for the proposed structures by arbitrarily increasing the linear propagation loss from 0.65 dB/cm to 2 dB/cm, giving simulated result in Fig. 13 . It can be seen from figure that the SC spectral evolution at the PCF output still can be obtained up to 15 µm (bandwidth evaluated at -40 dB from the peak) by adopting a more conservative approach towards increasing linear absorption loss more than three times with the same low peak power of 3 kW. To date, the widest SC broadening was reported through numerical simulation by Saini et al., spanning the wavelength range from 2 to 15 µm in a 5-mm long triangular core graded index As 2 Se 3 PCF pumped at 4.1 µm with a peak power of 3.5 kW [33] , while Karim et al. recently numerically reported ultrabroadband MIR SC generation covering the wavelength range 2.3-15 µm using a 10-mmlong all-ChG triangular core microstructured fiber (Ge-AsSe/GeAsS) when pumped at 4 µm with a pulse duration of 100-fs and a low peak power of 3 kW [37] . The broadest experimental demonstration of a MIR SC spectrum was reported using a 3-cm-long As 2 Se 3 /AsSe 2 step-index fiber by Cheng et al., covering the range from 2 to 15.1 µm, when pumped by a 9.8 µm signal with a peak power of 2.89 MW [13] . On the other hand, Zhao et al. experimentally demonstrated MIR SC generation spanning from 2 to 16 µm using a 14-cm-long tellurite based step-index fiber. This however required the use of a pulsed seed signal at 7 µm with a 150-fs pulse width, repetition rate of 1 kHz and a peak power of 77 MW in the normal dispersion regime [4] . In the proposed design, which is based on a typical hexagonal As 2 Se 3 PCF structure, it would be theoretically possible to obtain the broadest SC expansion yet in the MIR region, extending beyond 17 µm using a pump signal at 3.1 µm with a much lower peak power of 3 kW. However, the SC bandwidth may actually be lower when demonstrated experimentally due to additional coupling losses between the pump source and the PCF structure. Alternatively, the peak power can be increased slightly to compensate for the coupling losses.
Concluding remarks
In this numerical work, an As 2 Se 3 based chalcogenide PCF for ultrabroadband SC generation in the MIR region is numerically proposed and analyzed. A 20-mm-long hexagonal PCF geometry is proposed and optimized by varying its d and Λ structural parameters. Four designs with different dimensional parameters are optimized for pumping at 2.05 µm, 3.1 µm, 3.5 µm and 4 µm, respectively. Using the first proposed design, which is optimized for pumping at 2.05 µm, a SC spectral evolution up to 6 µm with a peak power of 100 W is obtained. It is possible to achieve such a broadband MIR spanning with a much low peak power only due to the small core size which helps to produce large nonlinear coefficient inside the PCF. In this case, the convergence of SC output is obtained with the addition of HOD terms up to β 10 . To further increase the SC spectrum into the MIR, the pump wavelength is shifted between 3.1 and 4 µm and optimized three more designs for pumping them at these wavelengths by raising the pulse peak power at 3 kW. Using this peak power, an ultrabroadband SC can be realized spanning from 2 to beyond 15 µm by the proposed 2nd PCF geometry containing the dimensional parameters, Λ =2.5 µm and d/Λ = 0.6. In this design, initially, HOD terms up to β 10 are included during SC simulation which results in spurious SC bandwidth at the PCF output. To obtain a spurious free SC output by the optimized design, HOD terms up to β 16 are evaluated and successively included into numerical simulations. The SC output converges with the addition of HOD terms up to β 14 for the PCF structure containing structural parameters of Λ between 2.5 µm and 3 µm and d/Λ between 0.5 and 0.6. However, in the case of the PCF geometry containing, Λ =3.5 µm and d/Λ = 0.5, the HOD terms of up to β 16 are required for predicting a stable SC output during numerical simulations. This phenomena can also be verified for a specific design by data fitted GVD curves where the actual GVD curve converges closely with the data fitted GVD curve which can be evaluated after the inclusion of certain HOD terms determined through Taylor series expansion. Therefore, for any design optimized with certain structural parameters and pump wavelength, the number of HOD terms required for a convergence of SC at the waveguide output can be predicted by matching the actual GVD curve obtained through the FEM modesolver with the data fitted GVD curve after including the certain HOD terms into the data fitted method through Taylor-series expansion.
Until today, many researchers demonstrated SC generation numerically by including different number of HOD terms into their simulation works. From those works it is hard to predict the number of necessary HOD terms that required to obtain steady SC output for a specific design. In this paper, a proposed PCF model is designed through dispersion engineering for predicting a spurious free MIR SC generation by systematic analysis of HOD parameters that required to include during numerical simulations where the number of HOD terms are determined through the convergence of Taylor series approximation with increasing fitting parameters. The proposed model is designed based on a conventional As 2 Se 3 hexagonal PCF, which can be used to generate an ultrabroadband MIR SC spectral broadening spanning from 2 µm to beyond 15 µm with a low peak power of 3 kW, and has significant potential to be employed in several MIR region applications.
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